Abstract. The asphalt pavement made of high quality materials and having the optimal composition best resists destructive effects of environmental factors and vehicles. The optimal content of the mineral materials of the asphalt mixture and a bituminous binder is selected employing calculation and experimental methods. The properties of the designed asphalt mixture must meet the requirements of technical specifications thus reducing its cost. The paper presents algorithms for simulating the composition of the asphalt mixture applying mathematical programming techniques. The algorithms allow designing the asphalt mixture with minimal bitumen content, a low cost of the mineral part and the densest gradation assessing technological requirements for producing the mixture. Optimal bitumen content is calculated considering bitumen capacities specified for different types of rock and determined employing the most recent standard sieves screening for narrow fractions. For verifying the new proposed algorithms, a numerical experiment on the materials most commonly used in asphalt mixing plants was done. The analysis of findings indicates that the application of the algorithms assist in comparing real results.
Introduction
The asphalt mixture consists of asphalt (bitumen), coarse and fine aggregate and a number of additives occasionally used for improving its engineering properties. The purpose of designing the mixture is selecting optimal asphalt content for a desired structure of aggregate to meet the prescribed criteria (Roberts et al. 2002) . The overall performance of the asphalt concrete (AC) mixture depends on its composition, including the properties, proportions and distributions of ingredients. For the existing methods of designing the asphalt mixture, however, there is a missing link between the composition of the mixture and overall properties and performance (Liu et al. 2011; Zulkati et al. 2012) . The composition of the asphalt mixture is designed applying the Hveem and Marshall methods (Asphalt Institute 1993; Du, Kuo 2011) and the Superpave method (Transportation Research Board 2011; Ahmad et al. 2012) . The Superpave design mainly uses volumetric properties for the mix design, similar to the Marschall method. The design air void is approximately 4%. The main differences between these two methods are as follows. Asphalt specimens for Superpave were prepared using the gyratory compact with kneading actions which can reliably replicate the roller compaction in the field instead of the Marshall compactor which can provide only the static compaction. The gyratory compaction level varied with design traffic and the average maximum temperature in a design location (Jitsangiam et al. 2013) .
The effect on Marshall Stability (MS) of hot-mix asphalt (HMA) parameters which are the particle diameters of aggregates, quantity of bitumen in the HMA, different environmental temperatures and the exposure times was closely investigated (Özgan et al. 2013) . The objective in the design of asphalt mixtures is to optimize the properties of the mixture with respect to the stability, durability, flexibility, fatigue resistance, skid resistance, permeability, and workability. This is often accomplished with the evaluation of the volumetric properties of the mixture (Vavrik et al. 2002) .
Bitumen is a viscoelastic multiphase material that includes colloidal microstructures consisting of elastic solid aggregates and a viscoelastic matrix. Based on solubility parameters, bitumen components fall into four categories embracing saturates, aromatics, resins and asphaltenes (Behzadfar, Hatzikiriakos 2013 ). The quality of road bitumen in asphalt mixtures is one of the most important factors affecting the performance of the entire pavement structure during its service. In particular, the type and refining technology of crude oil are the most important aspects having impact on bitumen properties (Paliukaitė, Vaitkus 2015) . Asphalt mastics are generally made by mixing asphalt binder (i.e. bitumen) with certain percentages of mineral fillers. As such, it can be treated as suspension, in which bitumen is the fluid phase and the fillers are the particles (Hasemi et al. 2012) .
The shape, size, angularity and surface texture properties of coarse aggregates were studied by Zhang et al. (2012) . The void contents of different sized limestone and basalt aggregates in loose condition were tested to validate the angularity and surface (AT) index. The results indicate that the AT index is effective for characterizing the combined effect of the coarse aggregate angularity and surface texture.
The effect of compaction degree and binder content on the performance properties of asphalt mixtures of asphalt concrete type for wearing and binder courses are described in the paper by Hýzl et al. (2016) . The measurements of the selected asphalt mixtures were performed taking into account stiffness modulus and conducting a two-point bending test on trapezoidal shaped specimens, fatigue characteristics and resistance against frost cracking considering a thermal stress restrained specimen test.
Mineral materials interact with the bituminous binder (Yiqiu et al. 2012 ) a certain part of which is absorbed by aggregates (Luo, Lytton 2013; Doyle et al. 2012) . Also, bitumen makes diffusive interaction with water, which reduces the coating strength of asphalt (Vasconcelos et al. 2011) . Adhesion between asphalt-aggregate and cohesion within asphalt mastic has a significant effect on the performance of asphalt mixtures. Conventional testing methods and studies typically focus only on one of the damaged models (adhesion or cohesion), although considering real asphalt mixtures (asphalt-aggregate system), these two modes of failure may happen together depending on the material and loading conditions (Yi et al. 2016) . Experimental results showed that the significant effects of temperature and loading rate on interface binding characteristics.
The temperature of the asphalt mixture has the biggest influence on the compaction of asphalt mixtures and their properties. The temperature of the asphalt mixture affects the viscosity of bitumen and achievement in the highest density of the asphalt mixture (Androjić, Dimter 2015) . The temperature of the asphalt mixture is not homogenous during its laying process. The carried out theoretical calculations confirmed by laboratory tests and measurements on the road allow predicting a drop in the speed of temperature in these areas (Mieczkowski 2015) .
The mechanical properties of hot-mix asphalt (HMA) mixtures are often characterized by its viscoelastic properties. Viscoelasticity coupled with the thermo-mechanical nature of asphalt offers time-temperature dependence on the mechanical properties of HMA mixtures (Alam, Hammoum 2015) . Underwood and Kim (2013) developed a microstructural hypothesis for asphalt concrete (AC) in order to provide a basis for multi-scale experimental investigation. The hypothesis is consistent with the belief that AC can be considered as a four-scale assemblage of components having different length, scale, binder, mastic fine aggregate matrix (FAM) and AC.
Rutting is considered the most frequent and negative type of pavement distress. It significantly depends on the type of the pavement structure, the kind and quality of materials used for different types of structure layers, pavement construction techniques and quality (Vaitkus, Paliukaitė 2013) . Rutting is a function of dynamic modulus and gradation (Apeagyei 2011) . Ruts form in the used asphalt pavement, and therefore their geometric parameters may vary (Sivilevičius, Vansauskas 2013) .
The resistance of asphalt mixtures against permanent deformation is one of the most important requirements that have to be verified in the process of designing asphalt mixtures (Remišová 2015) . The presented study investigates the characteristics of resistance to rutting asphalt concrete mixtures (eight mixtures of AC 11 form different procedures determined by a triaxial cycling compression test). Thus, it is possible to claim that an expensive procedure for the rutting test can assist with a simple test carried out in the dynamic shear rheometer following a procedure for the initial mixture design (Gajewski et al. 2015) .
Typically, aggregate gradation is selected to meet the specifications of Superpave mix design. The porosity of the dominant aggregate size range (DASR), which is the primary structural network of aggregates, has been extensively validated as a tool for evaluating the coarse aggregate structure of laboratory and field asphalt mixtures (Guarin et al. 2013) . The structure of aggregate depends on gradation and is an important factor in determining the volumetric properties of hot-mix asphalt (HMA). This approach is time consuming and often results in suboptimal HMA mixtures (Awuah-Offei, Askari-Nasab 2011). This study presents linear programming optimization models and attendant solution procedures that minimize HMA aggregate costs and produce high-quality HMA.
The procedure for designing the asphalt mixture specifies a range in the content of air voids from 3% to 5%. However, the actual variability in air void content in the field tends to be greater than that because of compaction variability and temperature segregation (Chang et al. 2002) . Air voids play an important role in influencing the performance of asphalt mixtures (Mohammad et al. 2004; Dubois et al. 2010; Crouch et al. 2002) . Seo et al. (2007) presents an experimental study on developing air void models for dynamic modulus and predicting the performance of the asphalt concrete mixture. The study by Kassem et al. (2011) utilized several mechanical tests to characterize the influence of air void distributions on the mechanical properties and response of asphalt mixtures. Overlay test results showed that specimens with more uniform air void distribution had less variability in terms of resistance to fatigue cracking compared with specimens with less uniform air void distribution. Castillo and Caro (2014) evaluated the role of air void (AV) variability in asphalt mixtures in the thermo-mechanical response of asphalt courses. The presented methodology combines finite element (FE) modelling with a stochastic technique called random fields. The technique is used for generating probable spatial AV distributions in the geometry of compacted asphalt courses.
Assessing the air void content of hot-mix asphalts (HMAs) is a vital and crucial factor in the procedures for quality control and quality assurance (QC/QA). Layer geometry, mix composition, specific gravities of aggregate and the asphalt binder as well as compaction characteristics (i.e. energy) together determine air void content (Praticó, Moro 2012) .
The previous studies indicated that criteria for the present mixture design, including voids in mineral aggregates, gradation control points and effective asphalt content, did not capture all critical aspects of gradation and the volumetric properties of the mixture were found to be strongly related to rutting and cracking performance (Chun et al. 2012) . The study (Xie, Watson 2004 ) compared difference in air voids, optimal asphalt content and voids in the mineral aggregate (VMA) employing saturated surface dry (SSD) and CoreLok methods for determining bulk specific gravity of the compacted specimen. Sánchez-Leal et al. (2011) demonstrates the application of the polygon of voids, or "polyvoids", as an analytical technique for producing a hot-mix asphalt (HMA) job-formula based only on the specifications of voids, for creating Superpave hot-mix asphalt design and for conducting analysis. Polyvoids appear as one of original analytical tools for RAM-CODES (acronym for a rational methodology of compacted geo-material densification and strength analysis). The centroid of polyvoids is proposed as a job-formula or optimalbinder content for HMA design based on the specifications of voids only.
A design parameter of voids in the mineral aggregate (VMA) is crucial to the current procedure for Superpave mix design that links the properties of the hot-mix asphalt (HMA) mixture to field performance (Kandhal, Chakraborty 1996) . Shen and Yu (2011) analysed the simulation of aggregate packing and discrete-element modelling (DEM) to link the property of aggregate gradation to the VMA of HMA. Thus, a new definition characterizing traditional dense-graded aggregate gradation of three types, including coarse-graded, medium-graded and fine-graded, was proposed.
Heterogenous air void distribution is a common phenomenon in asphalt mixtures and is closely related to the behaviour of the asphalt mixture. Air void distribution within the specimen of the asphalt mixture is related to several factors such as compaction effort, the method of compaction (equipment) and aggregate gradation (Chen et al. 2013) . The performed research demonstrated that the simulation of the discrete element method (DEM) could be a potentially helpful tool for analysing asphalt mixture compaction and selecting appropriate aggregates for asphalt mixture design. A semi-analytical model for evaluating a binary normal contact of spherical particles interacting via weaker multi-layered interface was suggested and its applicability for modelling asphalt mixtures was investigated (Rimša et al. 2014; Collop et al. 2006) .
It is believed that stone-on-stone contact is important for open-graded friction course (OGFC) mixes to minimize the potential for rutting . Therefore, the same requirements for voids in coarse aggregate (VCA) were adopted to OGFC mixes as they had been developed for stone matrix asphalt mixtures. The objective of this study is to verify the VCA concept of determining stone-on-stone contact within OGFC mixtures using digital imaging techniques such as the analysis of particle contacts and the distribution of air voids size.
The thickness of the bitumen liner covering the mineral grains of asphalt affects the strength of the layer of the mixture and the pavement produced from it (Radovskiy 2003; Sengoz, Topal 2007; Oliver 2011; Hmoud 2011) .
The study (Sengoz, Agar 2007 ) is aimed at determining the relationship between the different thickness of the asphalt liner and susceptibility characteristics of the water of hot mix asphalt (HMA) in order the optimal thickness of the asphalt liner that minimizes moisture damage to HMA can be obtained. The optimum range of the thickness of the asphalt liner obtained from the figures plotted between the thickness of the asphalt liner and modified Lottman test results is in the range from 9.5 to 10.5 μm. Research (Chen et al. 2015) is focused on how volumetric properties and performance tests on asphalt concrete are influenced by the 100% replacement of coarse natural aggregates with basic oxygen furnace (BOF) slag. According to the results of mixture design, except for BOF slag asphalt mixture with an upper gradation curve, liner thickness varies from 6 to 9 μm. The thickness of the bitumen liner can be determined using the methods given in Appendix 4 (Read, Whiteoak 2003) . The typical thickness of the bitumen liner is as follows: the thickness of dense coated macadam makes >5μm, that of hot rolled asphalt reaches >7 μm and that of porous asphalt counts >12 μm.
Petroleum bitumen used for producing road surfaces slowly reacts with atmospheric oxygen. The reaction eventually leads to the embrittlement of bitumen and failure on the surface under traffic stresses and, for this reason, is of great practical importance. The extent of the reaction is not uniform throughout the surfacing layer but is dependent on the diffusion of oxygen from the surface exposed to the atmosphere (Herrington 2012; Jin et al. 2013) .
The properties (aggregate gradation and volumetric quantities) of the mixture, the rate of loading and environmental conditions are the most important factors that affect the dynamic modulus (|E * |) (Zaciada et al. 2014) . The main objective of this study is to develop a rational approach to investigating and simulating the effect of air voids and asphalt content on |E * | master curves and consequently predict pavement performance.
The optimally designed asphalt mixture must be produced in an asphalt mixing plant (AMP) so that the content of its components differed insignificantly from the job-mix formula (JMF). Bitumen content in the produced asphalt mixture depends on the technological parameters of the batcher (Bražiūnas, Sivilevičius 2010 ). The quality of the produced asphalt mixture depends on the manufacturing temperature and duration of mixing of materials, which impact short-term aging processes of bitumen (Bražiūnas et al. 2013) . The sequence of dosing and mixing materials affects the quality of the produced asphalt mixture. In order to improve the mechanical properties of hot mix asphalt, the mixing method was considered in research by Kok and Kuloglu (2011) . The new method was mainly based on pre-coating coarse aggregate with an appropriate amount of optimal binder content. Then, the coated coarse aggregate was mixed with fine aggregate and filler and the remaining optimum asphalt content. A mixing plant for the two-phase mixing method was designed for manufacturing hot mix asphalt.
Due to segregation processes, the mineral materials used for producing the asphalt mixture are non-homogeneous. Vislavičius and Sivilevičius (2013) present the algorithm for predicting the composition of the mineral materials consistent in the recycled hot-mix asphalt taking into consideration variations in the gradation of all mineral materials and the reclaimed asphalt pavement in the absence of random batching errors. The technological process of producing the asphalt mixture must be continuously monitored applying effective methods (Awuah-Offei, Askari-Nasab 2009).
The general principles of simulating the physical and mechanical properties of conglomerates were presented in research publication by (Vislavičius 2000) . The principles were applied for asphalt mixtures (Vislavičius 2002 ) when gradation was determined using the sets of old laboratory sieves.
Problem formulation

Mathematical analogue for determining optimal bitumen content
The problem of determining optimal bitumen content is formulated as follows: using the available original mineral materials, the curves of gradation and bitumen capacities of certain narrow fractions of which are known, the composition of the asphalt mixture satisfying quantity limits on the percent passing of all mineral materials through sieves and ensuring high physical-mechanical properties of asphalt pavement under minimal bitumen content must be designed. Bitumen content in the asphalt mixture can be optimal when a) it ensures the required physical-mechanical properties of the asphalt mixture; b) its content in the asphalt mixture is the lowest as bitumen is the most expensive component of the asphalt mixture. To avoid ambiguity, the content of bitumen ensuring the best physical-mechanical properties of asphalt pavement will be called "the required". It is clear that calculation accuracy depends only on how precisely the bitumen capacity of certain narrow fraction is determined. Thus, optimal bitumen content is treated as that of the minimum required bitumen and is determined by changing the gradation of the designed asphalt mixture.
Suppose, we have mineral materials m to design some asphalt mixture using a minimal content of the required bitumen. The gradation of all mineral materials is known, i.e. we know coefficients α jk indicating the content of the k-th narrow fraction (%) in the j-th mineral material (j = 1, 2, …, m, k = 1, 2, …, r; where r is the number of the narrow fractions of a mineral material). Also, bitumen capacities β jk of all fractions of mineral materials indicating the content (%) of the required bitumen of the k-th narrow fraction of the j-th mineral material are known. The problem will be resolved if the content of all narrow fractions of every mineral material present in the asphalt mixture is identified, i.e. variables x jk indicating the content of the k-th narrow fraction of the j-th mineral material (in parts of the unit) in the asphalt mixture will be found.
Thus, variables and all known values are defined, and only the object function and necessary conditions that must be satisfied by the designed asphalt mixture have to be recorded.
Let's express coefficients α jk , in the parts of the unit. Then, product α jk · x jk will also denote the content of the k-th narrow fraction of the j-th mineral material in the parts of the unit. Therefore, when the content of the narrow fraction of the mineral material is multiplied by the corresponding bitumen capacity, the required bitumen amount of the k-th narrow fraction of the j-th mineral material is obtained (%): β jk · α jk · x jk . Expression 
Variables x jk must minimize the object function (1) and satisfy certain conditions. First, they must comply with the requirements set out for the gradation of the mineral part of the asphalt mixture, i.e. satisfy quantity limits on the percent passing of all mineral materials through sieves. Thus, denote these limited quantities by symbols p L,i and p U,i where i = 1, 2, …, n, n is the number of sieves. Next, the contents of the mineral part of the designed mixture that pass through a certain sieve have to be analytically expressed. The sum of products , 1
indicates the content of the j-th mineral material in the mixture that passes through the i-th sieve. Therefore, limits to the gradation of the designed asphalt mixture on the sieve having the smallest meshes through which the smallest particles of all mineral materials pass will have expression ,1
The second sieve will be necessary for considering the fact that the contents of the two smallest fractions of all mineral materials pass through it, the third sieve takes three smallest fractions, etc. Hence, n expressions must be included in the mathematical analogue of the problem designed:
Another limitation to variables x jk is related to the fact that, in most cases, a designer operates mineral materials with certain gradation rather than with certain separate narrow fractions of mineral materials. Therefore, the contents of all narrow fractions of certain mineral materials must be the same, i.e. the contents of narrow fractions must satisfy the following condition:
This means that the number of variables is not j · r but j. They are expressed by the parts of the unit, and therefore have to meet the following condition:
In this case, to simplify the expression, the first fraction is noted. Formula (3) clearly indicates that, here, the content of any narrow fraction of mineral materials could be entered.
The last condition that ensures the reality of the problem is as follows:
All above discussed equations and inequalities are necessary. To complete the perfect mathematical analogue of the problem, we have to include an additional inequality:
where d jv is the coefficient of the v-th additional inequality of the j-th mineral material; h v , is the free member of the v-th additional inequality v; s is the number of additional inequalities (6) that mathematically express technological, economic, etc. limitations (there may be none of them). For example, these inequalities can be used for limiting a maximum or minimum quantity of a certain mineral material in a mixture. Thus, the mathematical analogue for determining the minimum content of the required bitumen is as follows: 
0, 1, 2, ..., .
Algorithm for calculating the minimal cost of mineral materials present in the asphalt mixture
The presented mathematical analogue is universal and suitable for simulating various asphalt mixtures. Suppose that an asphalt mixture of the minimal cost of mineral materials needs to be designed. If f j is the cost of the unit of the j-th mineral material, following equation (3), the object function of the mathematical analogue is
The full cost of the asphalt mixture is obtained by the sum of the costs of its mineral part and bitumen. If f b is the cost of the bitumen unit, the cost of the asphalt mixture is
Algorithm for simulating the densest asphalt mixture
Suppose that an asphalt mixture having the densest gradation of mineral materials has to be designed. The densest asphalt mixture is obtained when a gradation curve of the mineral part of the designed asphalt mixture corresponds to a gradation curve of the ideal asphalt mixture. The gradation curve of the ideal asphalt mixture is received reserving the average limit values of the contents of mineral particles that pass through certain sieves (p L + p U )/2. It is evident that real mineral materials cannot be enough for achieving ideal density. To obtain the densest asphalt mixture, the paper proposes to proportionally narrow the interval between the specified points of lower and upper specification limits, i.e. to proportionally and tightly put one limit curve p L to another p U . The calculation is completed when the following narrowing does not result in the solution. Obviously, the smaller is the step of narrowing the interval, the denser gradation of the asphalt mixture is obtained. Another useful example of the practical application of the mathematical analogue (7) is related to assessing the availability of mineral materials for producing the asphalt mixture. Using it is possible to determine whether the available mineral materials will succeed in producing the asphalt mixture of the gradation of the desired type.
Numerical experiment
The gradation of mineral materials and the asphalt mixture
The asphalt mixing plant (AMP) stockpiles and silos are used for storing cold mineral materials before the season of producing the mixture. To perform a numerical experiment, six minerals, including non-activated dolomite imported filler (IF), natural quartz sand (NS), granite sifting (GS), crushed granite 4/8 (CG 4/8), crushed granite 8/11 (CG 8/11) and crushed granite 11/16 (CG 11/16) were selected. The produced asphalt mixture will contain road bitumen at grade 70/100 the content of which in the asphalt mixture should make not less than B min = 5.2%. The asphalt mixture of asphalt concrete type AC 16 VS of the surface layer of the pavement should be designed. Data describing the gradation of the designed asphalt mixture and mineral materials are presented in Table 1 .
The gradation curves of mineral materials, the curves of lower and upper specification limits p L and p U of the asphalt mixture AC 16 VS of the pavement and the curve (p L + p U )/2 of the asphalt mixture composition of the most even part of the mineral material are shown in Figure 1 . 
Determining bitumen capacity
Using the old set of sieves, bitumen capacities β jk of the narrow fractions of granite, quartz sand and dense limestone are displayed in Table 2 . The capacities were established by Korolev (1986) who employed oil bitumen BND 90/130 that was equalled to road bitumen of penetration 70/100 used for producing hot-mix asphalt mixtures in Lithuania. The dynamics of changing the size of standard laboratory sieve mesh in the Republic of Lithuania is presented in Table 3 . 
When standard sieves d i + 1 /d i = 2 are used, equation (10) is simplified to ( ) 1 1.443
The application of formula (10) assisted in calculating the geometrical means k d of the narrow fractions of the old set of sieves presented in the last column of Table 2 .
The use of regression analysis helped with establishing the correlation between the geometrical means k d and bitumen capacity jk β of narrow fractions. For investigating the correlation, the following formula was used:
where A jk and B jk are the free members of the regression equation for the k-th narrow fraction of the j-th mineral material. The values of determination coefficients R 2 close to the unit show a strong correlation between experimental data on bitumen capacity β jk and geometrical means k d of the narrow fractions obtained employing the sieves from the old set. The values make R 2 = 0.800 for granite, R 2 = 0.965 -for quartz sand and R 2 = 0.916 for dense limestone. The use of other regression equations having different forms had little effect on R 2 values. Therefore, regression equations presented in Figure 2 were used for determining bitumen capacities β jk of the narrow fractions of the mineral materials obtained sieving particles through the sieves of the new set. For that purpose, equation (10) assisted in calculating the geometrical means k d of the sieves of the new set (2 nd column in Table 4 ). Regression equations in Table 4 ). Table 4 . Bitumen capacities (%) of the narrow fractions of mineral materials calculated from regression equations presented in Figure 2 Size of the narrow fraction, 
Calculating minimum bitumen content
The percentage of the narrow fractions compounding the minerals of the designed asphalt mixture is presented in Table 5 . The results of calculating minimal bitumen content using the mathematical analogue (7) are displayed in Table 6 . The first line contains the solution when no technological limitations were introduced. The second and third lines contain the results related to additional technological limitations, two of which, in practice, are used most commonly. First, the content of the crushed grains of the asphalt mixture dependent on the mass ratio of granite sifting and natural quartz sand is limited. Second, the mass ratio of imported fillers and reclaimed dust separated in the bag house of the asphalt mixing plant is also limited. Both of these requirements are specified in documents DAT. AD-96 (1997) and R 35-01 (2001) .
Additional technological requirements (content of rubble subject to the mass ratio of granite screenings (GS) to natural sand (NS) and the ratio of imported filler (IF) to the reclaimed dust (RD) in the baghouses of the asphalt mixing plant) are provided in specifications DAT. AD-96 (1997) and R 35-01 (2001) .
The second line contains the results obtained under accepted technological limitations indicating that the asphalt mixture should include more than 3% of imported filler. The third line shows the results obtained under accepted technological limitations demonstrating that the asphalt mixture should include more than 3% of imported filler and less than 20% of natural sand. It is obvious that, under stronger technological requirements, minimal bitumen content increased. 
Determining minimum cost of mineral part of asphalt mixture
The problem of determining the minimal cost of mineral materials contained in the asphalt mixture was solved using the mathematical analogue (7) and the object function (8). The following average costs of 1 tonne of mineral materials were fixed: non-activated dolomite imported filler -30.00 €, natural quartz sand -1.50 €, granite sifting -14.50 € and all fractions of crushed granite -21.00 €. Under agreement that the cost of 1 tonne of bitumen was equal to 220.00 €, the cost of the mineral part of designed asphalt mixtures was calculated.
The results are presented in Table 7 . The second line contains the results obtained under accepted technological limitations and suggesting that the asphalt mixture should include more than 3% of imported filler. The third line contains the results obtained under accepted technological limitations indicating that the asphalt mixture should include more than 3% of imported filler and less than 20% of natural sand.
It is clear that, under stronger technological requirements, the cost of both minerals and asphalt mixtures increased. 
Designing the densest asphalt mixture
For illustrating an algorithm for simulating the densest gradation of mineral materials contained in the asphalt mixture, a problem of the minimal cost was selected. It was assumed that following the usual step of calculation, the interval between the specific points p Li and p Ui of gradation limit curves was narrowed by 20%. Calculation results are presented in Table 8 . The first four lines contain the solutions obtained when no technological limitations were introduced. Lines five and six propose the solutions obtained under the accepted technological limitations imposing that the asphalt mixture should include more than 3% of imported filler (IF) and less than 20% of natural sand (NS). Since the theory of correlation is rich, we focused attention to the two most relevant types of the correlation coefficient, including Pearson and Spearman coefficients. Pearson reflects linear relationship between two variables (Yang 2008; Ban et al. 2016 ) and can be calculated by y: 
where x i an y i are percent passing through the sieve respectively according technical requirements and calculated values; X = mean of variable x, Y = mean of variable y; n = number of sieves. The range of r value = -1 to 1. In general, 0.4 r < suggests poor linear correlation, 0.4 0.7 r ≤ < indicates significant correlation, and 0.7 1.0 r ≤ < stands for highly linear correlation (Gao et al. 2016 ). The lowest value of correlation coefficient r min is calculated according to equation (14) and is as follows (Podvezko, Sivilevičius 2013) :
Given significant level α = 0.05 and t -statistic t α,v =1.833 (when percent passing through 11 sieves is compared and the degree of freedom equals v = n -2 = 9), the lowest value of the correlation coefficient allowing us to consider that the variables correlate is equal to 0.521.
In both cases, the correlation of the averages of percent passing of the calculated specification limits and percent passing of the obtained asphalt mixtures are presented in Figure 3 .
The given examples show wide possibilities of the mathematical analogue (7) that could provide the asphalt mixture with the minimal content of the required bitumen, the minimal cost of the mineral part or the asphalt mixture containing the densest gradation of mineral materials. Moreover, for determining optimal asphalt mixtures considering one or another optimal criterion, solutions can be additionally simulated by introducing technological etc. types of limitations.
Conclusions
1. The mathematical model (7) and algorithms produced in the article may be used for a) designing asphalt mixtures with the minimal content of bitumen, the minimal cost of the mineral part and the densest gradation; b) evaluating technological requirements for producing the asphalt mixture; c) determining whether the available mineral materials can be employed for designing the asphalt mixture of the considered gradation; d) analysing solutions that do not satisfy the accepted limitations. 2. For producing asphalt mixtures in Lithuania, a small number of different mineral materials are used. Therefore, it is worth specifying the bitumen capacities of the narrow fractions of mineral materials using road and polymer-modified bitumen. Then, using the mathematical analogue (7) and algorithms applied in the paper, various criteria satisfying asphalt mixtures should be designed thus reducing both the cost of the asphalt mixture and the scope of high-priced laboratory works. 3. The analysis of the calculation experiment using real materials and setting out TRA ASPHALTAS 08 requirements shows that minimal bitumen content without and with certain technological limitations ranged from 5.00% to 5.85% (Table 6 ). The standard minimal content is equal to 5.2%. The obtained results are close and indicate that the mathematical analogue (7) and algorithms allow obtaining real results. The application of this analogue should improve the design quality of asphalt mixtures and the prediction of their physical-mechanical properties. 
